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ABSTRACT: The BRIght-star Target Explorer (BRITE) mission plans to make photometric observations of some of
the brightest stars in the sky, which are also among the intrinsically most luminous stars, in order to examine these
stars for variability with a precision at least 10 times better than that achievable using ground-based observations.
Because of the brightness of the target stars, a very small (3cm) aperture telescope collecting light for a camera
equipped with a CMOS detector will suffice. The small aperture size and low power consumption of the CMOS
detector are compatible with nanosatellite size and power constraints, and so BRITE is planned as a nanosat mission.
A related stellar photometry mission, MOST, uses a microsatellite platform; when design for this began about 8
years ago, Dynacon developed two enabling technologies---new miniaturized reaction wheels (MicroWheels) and
new star tracker software integrated with the science instrument---to achieve 3-axis stabilization and arc-second
pointing accuracy. Following the same path even further, BRITE will use Dynacon’s further-miniaturized
NanoWheels, and a nanosat-sized star tracker, to achieve arc-minute pointing accuracy. The instrument and attitude
control subsystem will be supported by a nanosat bus, based on SFL’s CanX nanosat bus design. This paper
summarizes the science objectives of this mission, and describes the design of the BRITE nanosatellite.

OVERVIEW
For many years, while microsatellites (satellites in the
10-100 kg mass range) provided a relatively
inexpensive means for carrying out technology
demonstration and some types of communications
applications space missions, they were unsuited to more
technologically demanding space science missions.
Development of new microsatellite technologies over
the past decade has changed that situation. For example,
the miniaturized reaction wheel and novel star tracker
technologies developed by Dynacon during that period,
have enabled several microsat science missions that are
now flying to achieve agile, accurate 3-axis attitude
control, a capability that was previously unavailable.
These include the Canadian Space Agency’s MOST
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mission, and NASA’s CHIPSat mission, space
astronomy missions both. In particular, MOST (see
various papers from earlier years of this and other
conferences1,2,3,4 as well as this year’s conference5 for a
description of the mission, and a recent letter6 to Nature
for initial mission science results) is now routinely
achieving pointing accuracy of about 1 arc-second
RMS, about 1000 times better than previous microsats.
In many ways, nanosatellites are currently at the same
stage of development that microsatellites were at a
decade ago. As an example of one technological
limitation, there are currently few, if any, nanosatellites
(in the 1-10 kg mass range) being developed, that are
capable of 3-axis attitude control, largely for the same
reason faced by pre-MOST microsats: lack of suitable
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miniature reaction wheels and star trackers. Fortunately,
new nanosatellite technologies being developed at
Dynacon and elsewhere will soon make this capability
available.
In this paper, we describe the BRIght-star Target
Explorer (BRITE) space astronomy nanosatellite
mission, which is being developed by Rucinski (as
principal investigator), Dynacon and the University of
Toronto. The science objectives of this mission are
similar to those of the MOST mission: to make precise
measurements of the brightness of target stars. In the
case of this “NanoMOST” mission, differential
photometric measurements will be made of the
brightest stars in the sky, improving significantly on
measurements made by ground-based observatories
which are currently limited by the atmospheric
extinction corrections to >1% accuracy. These will be
used to investigate variability of intrinsically luminous
stars, as well as to confidently identify non-variable
bright stars for use as high-quality flux standards to
support other photometric programs. The measurements
will be taken using a wide field of view imaging
detector.
The science instrument will be carried on a
nanosatellite bus of ~3 kg mass, developed by the CanX
nanosat program of the University of Toronto’s Space
Flight Laboratory. The required attitude control
accuracy of 1 arc-minute will be provided by a
Dynacon attitude control system, employing Dynacon’s
new NanoWheel reaction wheel product, as well as a
miniaturize star tracker that could be integrated with the
science instrument,.
Most nanosatellite missions to date have focused on
education and technology demonstration objectives,
with the exceptions being mainly in the field of
communications. BRITE’s high performance attitude
control capability will enable it to be one of the first
operational space science nanosatellites.
We begin this paper with a summary of the science
mission objectives, and the requirements they place on
the instrument and the satellite platform. We then
proceed to describe the design of the BRITE instrument
and satellite. BRITE is built on a foundation provided
by previous nanosat design work done in SFL’s CanX
program; the designs of CanX-1 and CanX-2 are
described for reference. The attitude control
requirements for BRITE are unprecedented for
nanosats, and much of the design work has focused on
demonstrating the feasibility of achieving those; the
BRITE ACS is described here in detail.
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THE BRITE SCIENCE MISSION
Science Context
Astronomers use various techniques to observe stars,
and use those observations to learn more about their
nature. One of those techniques is photometry:
measuring the variation of brightness of stars versus
time.
The brightness of practically all stars varies with time.
Thanks to these light variations, we can say much about
the stars, their evolution and internal structure. A wide
range of phenomena open up between the extremes:
Supernova explosions, the extreme in stellar variability,
are the largest known releases of energy from single
stellar objects, when a single star becomes as bright as
all 1012 stars in the whole galaxy and for several weeks
can be seen from cosmological distances. The other
extreme in the variation range are seismic oscillations
(“star-quakes”), usually simultaneously excited in many
modes at various frequencies, causing changes in a
star’s overall brightness at the level of a few parts per
million; these permit in depth studies of stellar structure
and evolution of stars for structural parameters such as
the density distribution, internal rotation or presence of
magnetic fields.
The highly successful MOST micro-satellite mission,
the first Canadian astronomy satellite and the first
Canadian research satellite to be launched in over 30
years was built specifically to detect and analyse
miniscule asteroseismic oscillations of Solar-type stars.
Analysis of such stars can shed light on how the Sun
evolves, but also can help in understanding the oldest,
Solar-type (i.e. moderate and low mass) stars which
survived from the earliest stages of Galaxy’s life.
BRITE is a complementary satellite project, which will
study the most massive stars. These stars have short
lives, typically thousands of times shorter than solartype stars, yet their evolution is crucial for the Universe
as their successive generations produce heavy elements,
the material of which we are made. They also send out
into space hard UV photons of extreme importance for
the interstellar matter and for the organic matter
forming on interstellar grains.
The most luminous stars are very rare in space, but their
high luminosity gives them a tremendous advantage
over intrinsically faint objects: they can be seen from
large distances. In fact, the apparently brightest stars on
our sky (the 286 stars of magnitude 3.5 and brighter are
shown in Figure 1, with the 25-deg BRITE instrument
baseline FOV diameter for comparison) are – in their
majority – also the intrinsically brightest stars (Figure 2
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Figure 1: Distribution on the Sky of Stars With Magnitude 3.5 and Less, With Sample 25 deg FOV
extinction,” the absorption of star-light by the
shows the intrinsic luminosity for the same 286 stars,
atmosphere on its way to the ground. The amount of
normalized so that the Sun’s luminosity is equal to 1--absorption varies due to many factors, including the
most of these stars are 100x or more luminous than the
angular distance of the stellar target from the zenith, the
Sun). Thus, where temporal variation is concerned, they
presence of clouds, air pressure, etc. Astronomers
can be studied with very moderate size instruments, as
model these effects in order to compensate for them;
long as such instruments can be made to work stably
the 1% residual inaccuracy is due to the uncertainty
and consistently over long periods of time of the order
associated with these models.
of days, weeks or months.
Limitations of Ground-Based Stellar Photometry
Paradoxically, for observations made from groundbased observatories, the accuracy of photometric
observations of dim stars is able to be much more
accurate than those for bright stars. The limit in
absolute photometric accuracy when observing a single
star is about 1%, due the effect of “atmospheric

Atmospheric extinction is a principal factor in limiting
the accuracy of individual stellar photometric
measurements. Another factor that greatly limits the
scientific usefulness of ground-based photometric
measurements, is the fact that measurements can only

Figure 2: Intrinsic Luminosity of Stars of
Magnitude 3.5 and Brighter
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One powerful method for improving ground-based
photometry accuracy is photometric referencing of stars
to their neighbours:
observing multiple stars
simultaneously through approximately the same
atmospheric column, then calibrating the brightness of
each against that of the others. This can reduce the level
of photometric inaccuracy to 0.1% or better. This
technique does have restrictions: the stars must be close
to each other on the sky (within arc-minutes of each
other); and, they all must be of a similar level of
brightness (relative magnitude), due to detector
dynamic range limitations. Because there are far more
dim stars than bright stars in the sky, it is possible to
capture many dim stars in a suitably narrow field of
view. However, bright stars are generally located far
apart on the sky, and so must be observed through
different columns of atmosphere, resulting in greater
inaccuracy after photometric referencing. As a result,
there are numerous scientific questions regarding some
of the brightest stars no the sky, that could be answered
if the accuracy of photometric observations of these
bright stars could be improved.
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be made intermittently, due to target stars setting
behind the Earth, and to the presence of Sunlight not
only during day-time, but also near dawn and dusk, and
when the Sun-lit Moon is in the sky. Many photometric
science investigations rely on time-series measurements
of stellar brightness; interruptions in those series limits
many of those investigations, in some cases very
seriously.

Science Mission Objectives
The main scientific goals for BRITE are:
•
•

Space-Based Stellar Photometry
The authors have practical experience in using spacebased
observations
to
improve
photometric
measurements of stars: we initiated the development of
the MOST microsatellite mission, and assembled the
team that implemented the MOST program, and is now
operating the satellite and using to make scientific
discoveries. MOST was designed to improve on the
photometric precision of observations of individual
stellar targets (note: MOST does not attempt to achieve
a high degree of photometric absolute accuracy). It
achieves this primarily by putting a suitable instrument
above the effects of the atmosphere, in an orbit that
allows uninterrupted observations for periods as long as
7 weeks. MOST’s primary science objectives are to
detect and characterize “seismic” oscillations in stars
similar to our Sun, which are expected to have periods
of several minutes, and to search for the signature of
star-light reflecting from extra-solar planets.
The BRITE mission aims to take a similar approach, to
improve the accuracy of photometric measurements of
the brightest stars on the sky, on time scales ranging
from hours to months. In orbit, it will avoid all
atmosphere extinction effects. It will carry an
instrument with a sufficiently wide field of view to be
able to simultaneously view several bright stars, to
allow cross-calibration to improve accuracy. It will be
designed to be able to observe stars in a given direction
for up to 6 months at a time.
Note that MOST is limited in its ability to aid in this
objective, both because of its instrument design and its
bus design. The MOST instrument has a very narrow
field of view (0.8 degrees), so it cannot be used to make
simultaneous observations of multiple bright stars that
are far apart on the sky, in order to enhance accuracy.
The MOST bus is designed to keep one face pointed
close to the Sun; the instrument points out of the
opposite face, into the anti-Solar continuous viewing
zone. Targets within that zone can be observed for up to
7 weeks without being obscured by the Earth, a
duration sufficient to characterise the short-period
oscillations of Solar-type stars, but somewhat short for
detecting the longer-period (hours to months)
variability expected in many of the brightest stars.
Carroll et al.
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To examine – with unprecedented precision and
time-coverage – the instability properties of a
broad cross-section of massive stars.
To take advantage of the instabilities to find
periodic variations, and to use these to verify and
test our understanding of the structure of massive
stars, including the poorly-understood processes of
rotation and convection.

Variability will be studied primarily for some of the
most massive stars in our Galaxy, which are
concentrated mostly in the Milky Way band covering
about 1/3 of the whole sky. A small lens telescope will
permit observations to the limiting stellar magnitude
+3.5, on time scales ranging from hours to months. We
will use a large field of view (minimum 15 degrees)
containing multiple stars, so that we can obtain
differential photometry with precision better than 0.1%
per a single observation and of the order of 0.001% for
coherent oscillations observed over long periods of
time.
Hot massive luminous stars are the prime scientific
focus of BRITE. They have a very low space density,
but they play an important role in the chemical
evolution of the galaxy and the dynamics of the
interstellar medium. Their high ultraviolet fluxes
strongly influence the ionization of the interstellar gas
and the evolution of dust. Since their evolution is
comparatively very rapid (of the order of hundred
thousand to million years), they process gas quickly.
They return a substantial fraction of their original mass
to the interstellar medium through their winds and in
the supernovae explosions at the ends of their lives.
This material is substantially enriched in heavy
elements, especially the r-process elements heavier than
iron. The first generation of stars formed in the
Universe, when it contained basically only hydrogen
and helium, were massive stars that quickly enriched
the Universe in heavier elements and drastically
changed the fate of the next stellar generations by
modifying the opacity of the matter.
The specific targets for BRITE, the massive, luminous
stars will be: the OB stars, with the particular emphasis
on the variability of the OB supergiants, and at least the
four groups of particularly important variable, massive
stars: the Beta Cephei stars, the slowly pulsating B
stars, the Lambda Eridani stars, and the Alpha Cygni
stars. The scientific program will also address the
important question of the absence of variability
18th Annual AIAA/USU
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between the spectral type B9 and the blue edge of the
Delta Scuti instability strip; there have been no large
scale photometric or spectroscopic surveys that prove
that such an “oasis” really exists.
The overall scientific goals of the BRITE mission are
somewhat similar to those of MOST, but relate to a
different niche of the star variability research with three
important points:
•

•
•

There exists a need for precise analysis of
apparently bright stars in the variability regime of
variations slower than observable with MOST
(>hours).
The majority of apparently brightest stars in the
sky are intrinsically bright (have high
luminosities).
The high luminosity stars are expected to show
slow variations.

The list of ancillary science projects, for stars
simultaneously accessible in the same field of view
(and not necessarily very massive), is extensive,
ranging from the characterization of red-giant
variability to the detection and study of g-mode
oscillations in solar type stars, to detection of planetary
transits in stars more massive than the Sun.
Science Requirements
To interface the above science objectives with the
engineering design process of designing the BRITE
satellite, to following science requirements have been
derived:
•

•

•
•

BRITE shall be capable of detecting oscillations, of
the order of two parts in 10-5, in stars brighter than
magnitude 3.5, for oscillation frequencies of
between 2 hours and 2 weeks
Instrument sensitivity: the instrument shall be able
to measure the relative brightness of stars between
magnitude -1.5 and magnitude +3.5. The
instrument shall be able to measure oscillations in
the brightness difference between two stars, of the
order of two parts in 10-5, with frequencies between
2 hours and 2 weeks, with an SNR greater than 2.
The differential photometry error per single
observation (15 minutes of accumulated exposures)
shall be <0.1%.
Field of view: the field of view of the instrument
shall be 25 by 25 degrees (i.e., 35.4 degrees
diagonal on a square detector)
Observing period: it shall be possible to take one
exposure per ~100-minute orbit, of at least one
target field, for a continuous period of six months.
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•
•

•

Short outages (i.e. orbits without observations)
should not to exceed 20% of all orbits in observing
period, and should not to exceed 2 days duration.
Observing density: it shall be possible to take a
continuous series of exposures of any single target
for up to 15 minutes per orbit.
Readout raster: up to 12 rasters shall be acquired
per image, of up to 10x20 pixels each. This is
expected to generate no more than 50 kBytes of
data per day (after co-adding of individual
exposures).
Mission duration: the science observing mission
shall last at least one year.

SYSTEM DESIGN
Overview
BRITE was originally conceived as the third mission
(CanX-3) in SFL’s CanX student nanosat program,
when one of us (Rucinski) became aware that the data
processing, communications and attitude control
capabilities of nanosatellites were coming close to the
levels that microsats were at back in 1996 (when we
conceived the MOST mission). The challenge was to
find an astronomy mission that was worth carrying out,
given the severe limits on aperture size imposed by a
nanosat platform. Of course, the task of achieving a
satisfactory benefit/cost ratio is much easier for a
nanosat mission, for which the denominator in that
figure of merit is about 10x less than for microsat
missions, and about 50-100x less than for smallsat
missions. However, one must also have a sufficient
numerator! Fortunately, the value of being above the
atmosphere, when making photometric observations of
variable stars, is powerful enough that we were able to
find a second mission worth carrying out (MOST being
the first), even with an aperture as small as 3 cm (!).
Thus, to make the costs commensurate with the
scientific benefits, it is important to implement BRITE
as a low-cost nanosat mission. The main elements of
the strategy to accomplish that are:
•
•
•
•

Plan on using the existing CanX satellite designs as
a starting point.
Modify those only where necessary.
Achieve the tight attitude control requirements, by
re-using as much as possible of the MOST ACS.
Choose science requirements for BRITE in a way
that minimizes the need for stretching the capacity
or performance of the team’s existing satellite
equipment, while still accomplishing a sufficient
volume of sufficiently high-quality observations.
18th Annual AIAA/USU
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So, with the active co-operation of the science team,
BRITE has been designed “bottom-up,” assembled
mainly using components and subsystems from the
other CanX nanosats, and attitude control software from
MOST. With that in mind, we begin the description of
the BRITE design with a summary of the CanX
program, and of the designs of the first two satellites in
that program. This is followed by a discussion of the
basic approach to operating BRITE, and descriptions of
its science instrument, its bus and its ground segment.
The CanX program provides design solutions for all of
the elements of the BRITE system, with several notable
exceptions: the science instrument, and some elements
of the attitude control subsystem (ACS), in particular
nanosat-sized reaction wheels and a star tracker.
Fortunately, when BRITE was conceived Dynacon was
already in the process of developing the new
NanoWheel product, and has been careful to size it to
meet the BRITE requirements. However, the science
instrument will be a new development for BRITE; the
baseline plan is (as was done on MOST) to use it to
collect star field images for star tracking purposes, then
to process those using the star tracker software derived
from that used on MOST. Both the science instrument
and the ACS are described in detail below.
The SFL CanX Program
The Canadian Advanced Nanospace eXperiment
(CanX) series of satellites was started in September of
2001 at the University of Toronto Institute for
Aerospace Studies’ Space Flight Laboratory
(UTIAS/SFL). The CanX program began with the
intention of providing an opportunity for Canadian
graduate engineering students to learn about the field of
microsatellite engineering, while at the same time
providing a low-cost orbital platform for Canadian
scientists. CanX missions use the CubeSat standard
developed by Stanford and CalPoly universities, with
the aim of lowering satellite launch costs through
standardization that allows multiple cube shaped
satellites to be launched inside a compatible
deployment system. A single CubeSat has a mass of
less than 1kg and a side length of 10cm, and is cube
shaped as the name suggests. The CanX program also
takes advantage of the latest advances in commercial
technologies to ensure high-performance at low-cost
and short development cycles.
Student training is an essential element of the program.
The expected design cycle of a CanX satellite, lasting
approximately 18-24 months, nicely coincides with the
length of time it typically takes for students to complete
a Master’s degree. In this way, the students are able to
Carroll et al.
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Figure 3: SFL Staff and Students Working on
CanX-1
experience a complete satellite development cycle, and
leave the CanX program with training in all phases of
satellite design, construction, testing, and operations.
In addition to the student team responsible for much of
the work on a CanX satellite, there is also a team of
UTIAS/SFL staff engineers that supports the design of
some subsystems of the satellite depending on needs.
The contributions made by UTIAS/SFL staff include
computer engineering, power systems engineering,
radio frequency communications, systems engineering,
propulsion design, and satellite testing. The staff have
previous experience in microsatellite design (through
the MOST mission), and are able to mentor the students
and share their experience to help ensure the success of
the current CanX mission.
CanX-1: The CanX-1 project commenced in
September 2001 as the first in a series of CanX
satellites to be designed and built at UTIAS/SFL8,9.
The program goals of CanX-1 were to provide
education for students and to establish the
programmatic path and infrastructure for future CanX
missions to exploit. CanX-1 is a nanosatellite (satellite
< 10kg). At one kilogram and in the shape of a 10 cm
cube, the mission goals for CanX-1 are to demonstrate
innovative technologies for use in future CanX
missions. Several novel systems in CanX-1 include:
•
•
•

A custom designed on board computer (OBC)
using an ARM7 processor.
A custom designed UHF radio operating in
Amateur radio frequencies.
A magnetic attitude control system including an on
board magnetometer.
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•
•
•

Two CMOS imagers (color and monochrome) on a
custom designed board.
A CMC Electronics GPS receiver.
A Xiphos Q4 board.

team to use. In addition, UTIAS/SFL is now working
with nanosatellite developers at the University of
Tokyo to develop a gentle and reliable separation
system based on a space proven design. This separation
system will also allow each nanosatellite to be ejected
independently from the launch vehicle.
CanX-1 achieved its goal of establishing the essential
elements of the CanX program and has produced
valuable lessons that will serve to increase the
reliability of future CanX missions.

Figure 4: CanX-1
The CanX-1 design was completed in October 2002,
with acceptance testing taking place through January –
April of 2003. CanX-1, shown in Figure 4, was
launched from the Plesetsk Cosmodrome in northern
Russia on June 30th, 2003 (only 22 months after the
start of the project), along with the MOST
microsatellite also assembled at UTIAS/SFL [9].
CanX-1 was launched in a deployment tube along with
two other CubeSats (DTUSat and AAU CubeSat)
developed by Danish university student teams.
As a programmatic pathfinder, the lessons learned from
CanX-1 and the accompanying recommendations are
being applied to the CanX-2 project now underway.
Staff involvement has been increased through closer
supervision and the building of critical components
(radios, computers, power systems) for the new student

CanX-2: Initiated in September 2003, CanX-2 is the
second in the series of CanX satellites. At present,
CanX-2 is in the detailed design phase. CanX-2 is
planned to be one of the first operational science
nanosatellites for Canadian researchers. The size of the
satellite is roughly double that of CanX-1, allowing for
greater available volume and surface area for power
generation (Figure 5).
CanX-2 uses a UTIAS/SFL-developed on-board
computer (OBC), based on an ARM9 processor at
18MHz. The OBC will use 512kB of EDAC protected
SRAM and 32MB of flash memory for mass data
storage (see Figure 6). Power is provided by triple
junction GaAs solar cells, and with more surface area
compared to CanX-1, the maximum power generation
is increased to 4 Watts. Primary radio communications
is accomplished using half-duplex UHF, and the bit rate
for CanX-2 is planned to be 4800 bps.
CanX-2 also includes an extensive suite of science and
engineering payloads. These payloads consist of:
•
•
•

Figure 6: CanX On-Board Computer

Figure 5: Solid Model of CanX-2
Carroll et al.

A three-axis momentum-bias attitude control
system.
Custom fine sun sensors with wide field of view.
A high-data-rate S-Band transmitter.
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The Nanocalorimeter experiment is provided by Dr.
Harry Ruda of the University of Toronto. The proposed
experiment is aimed at studying the influence of spacebased radiation on the properties of semiconductor
nanowhiskers with and without double barrier
structures. The end goal of this experiment is to
develop a semiconductor-based heat-sensing array with
sensors as small as 50-100 nm.
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System
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Figure 7: Block Diagram of CanX-2 Architecture
•
•
•
•
•

Two CMOS imagers (colour and monochrome).
A Nanocalorimeter.
An Atmospheric Spectrometer.
A GPS receiver for GPS radio occultation studies.
A Surface Materials experiment.

Like CanX-1, the CanX-2 Attitude Control System
(ACS) utilizes three custom magnetorquer coils. In
addition, CanX-2 will include a NanoWheel (provided
by Dynacon) to provide bias-momentum stabilization.
The goal for the system is to have both attitude
determination and pointing within one degree of
accuracy. The ACS is included to both test the wheel
technology, and to support the other science and
engineering payloads.
The S-Band transmitter is a custom UTIAS/SFL unit to
test the performance of miniaturized S-Band technology
for nanosatellites, while also increasing the amount of
science data that can be received by the ground. The
maximum designed information rate for the S-Band
transmitter is 256 kbps, and this can be scaled on the
fly; this allows higher data rates when the satellite is at
higher elevations in the sky.
The two CMOS imagers that are being planned for
CanX-2 are very similar to the CanX-1 imagers. These
imagers, manufactured by National Semiconductor, are
slightly larger than the CanX-1 imagers, and both have
planned fields of view of about 30 degrees with a
resolution of 1200x1024. Again, the monochrome
imager provides the option of doing ground-based star
tracking experiments, while the color imager will be
used mainly to take pictures of interesting targets like
Earth and its moon. Both cameras may be used for onorbit calibration of the ACS performance.
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The Atmospheric Spectrometer, provided by Dr.
Brendan Quine of York University, is an earth imaging
spectrometer. It provides measurements of airborne
greenhouse gases to support the goals of the Kyoto
protocol. The payload operates in the near infrared
band, and features a surface resolution of 1 km, which
will enable the identification of local variation and
sources of pollution emission.
The GPS experiment, designed by Dr. Susan Skone of
the University of Calgary, uses a directional GPS
antenna mounted on the outer surface of the satellite to
take measurements as GPS satellites are occulted by the
Earth’s atmosphere. From this data, a detailed profile
of tropospheric water vapor can be generated, along
with atmospheric electron densities.
The surface materials experiment for CanX-2 is
provided by Dr. Jacob Kleiman of the University of
Toronto. This experiment uses a photon detector to
measure the degradation of a material sample exposed
to the space environment. The sample is divided into
two parts: one having been given a special surface
treatment and another without surface treatment. The
plan is to monitor the changes in sample thickness as a
result of atomic oxygen erosion to evaluate the
effectiveness of the special surface treatment.
In addition, a network communications experiment
involving an innovative satellite communication
protocol developed by Dr. Michel Barbeau of Carleton
University is included in CanX-2. This experiment will
test a satellite networking protocol under the opensource operating system of eCos.
With the design of CanX-2 well underway, the flight
hardware is planned for completion by the end of 2004.
With a projected launch in late-2005, CanX-2 will be
the second Canadian nanosatellite launched into space.
BRITE Operations
There are several aspects of the manner in which
BRITE will be operated, that have an impact on the
overall system design. Some of these are summarized
here.
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We plan to launch BRITE using the usual nanosatellite
approach: as a hitch-hiker on a launch whose
parameters are determined by the other satellite(s)
being launched. With this approach, a reasonably low
launch cost (we’re estimating about US$150K) can be
achieved, by using a Russian launch. Because of this, it
is imprudent to design BRITE so that it depends on a
favourable orbital geometry in order to work; any such
assumptions would simply narrow the choice of launch
opportunities. For this reason, a design rule for BRITE
has been to be able to operate in as wide a range of
orbits as possible. In order to be able to use low-cost
commercial-grade electronics, we limit BRITE to orbits
below 900km altitude, to avoid the trapped radiation
belts. An orbit altitude above 400 km is assumed, so
that atmospheric drag torques will be tolerably low.
After launch, the satellite will be commissioned, using
an approach very similar to that used for MOST; see the
companion paper5 in this conference for a description of
that. Following commissioning, the satellite is expected
to operate for 1-2 years. Operations will be split
between science and technology demonstration
operations; the data storage and downlink capacity
requirements of each have been factored into the design
of the OBC and Communications subsystems.
Technology demonstration operations will be carried
out, mainly to demonstrate various attitude estimation
and control modes, and to investigate the levels of
performance achievable in those modes. By doing so,
we hope to define the limits of the functional and
performance envelopes achievable by future nanosat
missions using elements of the BRITE ACS. These will
be done opportunistically, and these operations are not
expected to drive the design of the satellite, or the
selection of the launch opportunity.
The science operations will be optimized to maximize
the science data return. These will involve taking
photometry observations once per orbit, for as many
target fields as possible. Each photometry observation
will involve taking multiple short exposures of a single
target field, for a total duration per observation of 15
minutes. The satellite will then slew its orientation from
one field to the next; 15 minutes is budgeted for
performing this slew, and stabilizing into fine-pointing
mode, before beginning the next observation. It should
thus be possible to take observations for up to 3 fields
per orbit. Up to 6 months of continuous observations
for each field are planned.
To achieve the required level of photometric precision
in the science data, some means must be taken to
reducing the photometric effect of the “fixed pattern
noise” (resulting from pixel-to-pixel variations in
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sensitivity) in the instrument’s detector. This can be
minimized by smearing a target star’s image across
many pixels, to average out this effect. This could be
done by deliberately de-focusing the instrument optics;
alternately, nearly-in-focus optics can be used, and
smearing can be accomplished by commanding the
instrument boresight directing to “jitter” when taking a
series of exposures. The latter approach is assumed
here; the jitter pattern will be chosen so that each
individual ~1-sec exposure is not significantly smeared,
but a set of exposures over 15 minutes will have the
target stars’ signals deposited in a group of ~25
adjacent pixels.
To simplify the design of the BRITE instrument and
star tracker, and avoid requiring them to incorporate
large external stray-light baffles, the imaging operations
sequences will be constrained to keep the instrument
and star tracker boresights pointed at least 90 deg away
from both the Sun and the illuminated disc of the Earth.
There may also be a need to avoid the bright Moon and
Jupiter; baffle requirements for those will be examined
as the instrument design proceeds. An additional
obvious constraint for target planning, is that targets
can only be imaged until they are eclipsed by the Earth;
however, we expect to be able to follow targets until
they are quite close to the Earth’s dark lamb.
The science instrument will generate image data with
each exposure. This will be processed on-board to
extract photometry data for all the target stars in each
image. That will be down-loaded whenever BRITE is
over one of its ground-stations.
BRITE Science Instrument
The principal raison d’être for the BRITE satellite is to
support the science instrument. The instrument’s main
functions are to collect images of star-fields with a
sufficiently high signal/noise ratio, extract photometry
data for target stars in those fields, and process those
data for storage on the satellite, and eventual down-link
to the ground. As discussed in the ACS section below,
the baseline design for BRITE also assigns to the
instrument the function of collecting navigation starfield images, for processing by star-tracker software
running on the ACS computer (similar to the approach
used in MOST). The instrument comprises a camera,
optics including a baffle, and a focal plane cooler.
Detector: MOST demonstrated the use of imaging
CCD detectors to make high-quality stellar photometric
measurements in low Earth orbit. However, CCDs
consume more power than a nanosat can afford to
provide: the MOST instrument consumes about 4.5W
of power, more than the entire planned BRITE power
18th Annual AIAA/USU
Conference on Small Satellites

generation capability. To reduce detector power
consumption, BRITE will use a CMOS active pixel
imaging sensor. Note that as far as we know, this will
be one of the first use of this type of sensors in a
satellite science instrument. To generate photometry
data from one of these sensors, a set of pixels around
the known focal-plane locations of target stars will be
read out, and sent to the ground for analysis.
Numerous CMOS APS detectors are available
commercially; we have examined 15 candidate
detectors for the BRITE instrument. A strong candidate
is the IBIS-4 imager from FillFactory, which has
1280x1024 7-micron pixels, operates at 3.6V and draws
about 0.5W when operating. Photometric analysis
shows that this detector, operating at 10C with the 3cm
optics discussed below, can produce an S/N of 0.007
with a 16-sec exposure for a magnitude 3.5 star, and an
S/N of 0.04 with a 0.2-sec exposure for a magnitude 1.5 star; over a 6-month observing run, these translate
to final S/N of 2.9 (magnitude 3.5) and 133 (magnitude
-1.5), meeting the science requirements.
Focal Plane Cooler: As with CCDs, CMOS APS
detectors produce a “dark current,” which is expected to
be the primary source of noise in each pixel’s signal.
The dark current and its associated noise drops rapidly
as operating temperature is reduced. For example, for
one of the typical CMOS detectors that has been
analyzed for BRITE, the dark noise level is about 30
electrons/pixel/sec at a detector temperature of 20C,
but drops to 14 e-/pixel/sec at 0C, and to 6 e-/pixel/sec
at -20C. In comparison, the time-independent readnoise per pixel is between 5-10 e-/pixel. Reducing the
focal plane temperature is a very effective way to
improve the S/N ratio for each image exposure.
The detector for the BRITE instrument can be kept cool
using the same approach as on MOST: by thermally
isolating the focal plane from the rest of the instrument,
and connecting the focal plane to a radiator panel on the
outside of the satellite, which is pointed away from the
Sun during imaging operations. The radiator panel
would be coated with a low-absorptivity, highemissivity coating, e.g., white paint. Photometry
analysis indicates that a focal plane temperature at or
below 10C should result in an acceptable S/N for the
dimmest (magnitude 3.5) stars over a 6-month
observing period.
Optics: The main functions of the optics are to collect
sufficient light from stars in a sufficiently wide field of
view, and direct that light with sufficiently low
distortion to the detector, while rejecting stray light.
They comprise a set of lenses and a filter, mounted in a
housing, with internal and external baffling. The
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science requirement is for a field of view >15x15 deg;
the optics are currently targeting a FOV of 25x25 deg.
Photometric analysis has shown that a 3cm diameter
aperture will collect sufficient signal from the target
stars, both for science data and star tracking purposes,
given the expected sources of noise. With the IBIS-4
detector, this results in a f/ratio of 1.4, which is quite
“fast”. To control distortion of the image, a band-pass
filter will be used; one candidate is a V-band filter,
commonly used in ground-based photometry, which
cuts off above 7000 and below 4000 Angstroms.
Internal baffling will be used to control stray light
within the instrument. The main strategy to control
stray light entering the instrument, is to use the satellite
body itself as a baffle; i.e., to restrict the instrument
pointing direction when taking science images, to be
>90 deg from the main stray light sources, which are
the Sun and the illuminated disc of the Earth. Some
small external baffle may be added, to reduce these
exclusion angles somewhat, and (if necessary) to
control stray light from the bright Moon.
Data Processing: Control of the instrument, and
processing of the image data that it generates, will be
provided by the BRITE bus housekeeping computer.
Whereas the MOST instrument required a dedicated
processor to operate the CCD detector’s various control
lines, the highly integrated and autonomous nature of
CMOS APS sensors allows a much simpler, high-level
control and telemetry approach.
BRITE Satellite Bus
The BRITE bus comprises all of the subsystems needed
to support and operate the science instrument, and to
receive commands from operators on the ground, and
send science and engineering data back to them. The
design of these subsystems is based closely on that of
the equivalent subsystems of CanX-2. Modifications to
these are described below.
Communications: The 0.5W (RF) CanX-2 S-band
BPSK transmitter is re-used on BRITE (with a mass of
0.05kg, consuming 3W of power when on), as is the
CanX-2 UHF GFSK receiver with an S-band
conversion stage added (0.21kg, 0.35W), both operating
in the Space Research S-band. The receiver will always
be powered on; the transmitter will be powered only
when transmitting (up to 10% orbit-average duty cycle).
A UHF beacon will also be carried; this will be
powered when in safe-hold mode, and commanded off
when in coarse and fine pointing modes. Patch antennas
are baselined for the transmitter, and deployable
monopoles for the receiver and beacon. Link budgets
18th Annual AIAA/USU
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have been calculated, showing at least 6dB of gain
margin when communicating with the SFL MOST
ground station under worst-case conditions (900km
altitude orbit), for an uplink data rate of 32 kbps, and a
downlink rate of 4 kbps.

coatings), with small trim heaters included where
necessary to maintain some component temperatures
during eclipse and/or when tumbling. Thermal analysis
is currently predicting temperature extremes of 10C/+66C.

Power: The Power subsystem will use Emcore 26%efficiency triple-junction GaAs photovoltaic cells to
generate up to 4.6 Wh of orbit-average power
(compared to CanX-2’s 3.2 Wh), mounted on all
satellite faces to stay power-positive in safe-hold mode.
A Direct Energy Transfer architecture will be used,
with a 3.6 Ah Li-ion polymer battery and a nominal bus
voltage of 3.6V. Worst-case orbit-average energy usage
is estimated at 3.5 Wh (compared to 1.7 Wh for CanX2).
Table 1 compares the power (in W) consumed by the
equipment in each subsystem on BRITE and CanX-2,
including an estimate of the orbit-average power usage
per subsystem for BRITE (in this case, for the
equipment that is powered in fine-pointing mode). Note
that these estimations do not show the additional 25%

Structure: The design of the BRITE bus structure will
be driven by the size envelope chosen. The two main
choices for size envelope chosen are:

BRITE
CanX-2
Orbit
Subsystem
Average
Peak
Peak
Payload
0.25
0.50
2.60
Transmitter
0.15
3.00
4.50
Receiver
0.25
0.25
0.21
Beacon
0.0
0.20
0.10
OBC
0.18
0.18
0.18
ACS
1.43
2.20
0.49
Structure
n/a
n/a
0.04
Thermal
0.20
0.20
n/a
Total
2.46
power margin currently being carried in the design.
Table 1: Power Budgets for BRITE and CanX-2 (W)
OBC: We plan to re-use the ARM9-based OBC from
CanX-2, with few changes. The CMOS imager built
into the CanX-2 OBC is not needed. CanX-2 will carry
3 MB of EDAC-protected SRAM; this will be increased
to 6 MB for BRITE, due to the larger expected daily
volume of payload data (1 MB/day), and the
importance of not losing data if communications with
the satellite is interrupted for a few days. The hardware
interfaces of the OBC will likely be revised, to reflect
differences in the payload interfaces for the two
missions.
ACS: (The Attitude Control subsystem is discussed in
detail, later in the paper.)
Thermal: Thermal control for the BRITE bus will be
mainly passive (via careful selection of surface
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•

•

10x10x30 cm, a Triple Cube adhering to the
CubeSat standard (as compared to the CanX-1
single cube, and the CanX-2 double cube). This
would be compatible with the CalPoly P-POD
launch tube. Given the amount of equipment
needed in BRITE, the entire volume of the P-POD
is needed.
15x15x15 cm cube. This has 12.5% more internal
volume than the triple-cube design, easing the
problems of internally arranging equipment. While
there does not yet exist a standard launch adapter
for this size of satellite, SFL is working with the
University of Tokyo to adapt their 10cm-singlecube adapter to this larger size.

Figure 8: BRITE Bus Configuration Alternatives
Bother of these options are shown in Figure 8. The
option that has been baselined is the 15cm cube. One
driver for this choice is that it has a surface area
configuration that reduces trade-offs in laying out
components that require external surface area (solar
cells, antennas, instrument aperture). Another factor
considered is that while all 3 Cubesats that were
launched from a P-POD from the 30 June 2003 Dnepr
launch failed, both single-cubes launched from the U.
Tokyo adapter succeeded.
Figure 9 shows an exploded view of the bus, illustrating
the structural design approach and internal layout. Note
that for this drawing, a separate science instrument and
star tracker are assumed; the baseline is that the
separate star tracker will be deleted. Table 2 shows the
corresponding mass budget for BRITE, compared with
that of CanX-2.
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Table 2: Mass Budgets for BRITE and CanX-2 (kg)
BRITE Ground Segment
BRITE is designed to be compatible with the ground
station network that was developed for the MOST
mission. This comprises 3 ground stations, in Toronto,
Vancouver and Vienna, each equipped with S-band
transmitters and receivers, with 2-meter class high-gain
transmit antennas and Yagi receive antennas mounted
on ~1 degree accuracy gimbals. These stations will
communicate with BRITE using a 4 kBaud uplink, and
using a 32 kBaud downlink to download up to 6
MBytes of data per day from the satellite; as well, they
will monitor the satellite’s UHF beacon. As with
MOST, the use of civil space bands is planned for
Subsystem
Payload
Communication
Power
OBC
ACS
Structure
Thermal
Total

BRITE

CanX-2
0.47
0.20
0.79
0.10
1.16
0.60
0.02
3.33

0.72
0.10
0.56
0.08
0.23
0.57
2.26
TJ Solar Cells

Aluminium Panel
and Sub-frame
S-Band Downlink
Antenna (2)
Power Subsystem
BSP Instrument

Main OBC

Li-ion Battery
UHF Beacon
Antenna (2)

S-Band TX/RX
UHF Beacon
GPS Receiver

Star Tracker
Reaction
Wheels (3)

ACS Computer
S-Band Uplink
Antenna (2)

mission: building an instrument small enough to fit on a
nanosat, yet sensitive enough to collect enough light
from target stars, with a low enough noise level, to
provide scientifically useful photometry observations.
However, for the instrument to achieve this level of
performance, it was found necessary for it to be
mounted on a platform whose pointing direction can be
controlled in 3 axes, with a high degree of stability,
capabilities that have not yet been demonstrated for
nanosatellites. Since the technology for achieving this is
of such importance to this mission, and since it is
currently in development, we devote some space here to
describing the planned approach in detail.
ACS Requirements
The design of the attitude control subsystem (ACS) for
BRITE is driven by the need to provide a stable
platform for the science instrument, while it collects
photometry measurements from target stars, as well as
the need to change orientation several times per orbit, to
allow multiple targets to be observed.
The science-driven ACS stability requirement is to keep
the satellite’s rotation rate sufficiently low, so that over
the course of taking a science exposure the star images
do not blur too much (defined here as a wander of a
star’s centroid on the imager plane by more than 1 arcmin). For the instrument design contemplated, and for
the fainter target stars (magnitude 3.5), exposure times
of up to 1 minute are needed; co-adding 15 minutes
worth of these produces one photometry data point.
Hence the minimum ACS stability requirement when
imaging is to maintain boresight wander to less than 1
arc-min (and roll about the boresight to less than 10 arcmin) RMS, over a one-minute period. However, we
have adopted a more stringent requirement, to maintain
that level of pointing stability indefinitely; that allows
the exposures to be co-added directly, without requiring
them to first be registered against each other,
significantly simplifying the on-board science data
processing load.

5 cm
GPS Antenna (2)

Figure 9: BRITE Bus Exploded View
BRITE. The ground stations are largely autonomous,
and can be controlled remotely from a single location
by a small operations staff, consistent with the low-cost
basis of the BRITE mission.

BRITE ATTITUDE CONTROL SUBSYSTEM
Photometric analysis has determined the feasibility of
one of the main challenges in accomplishing the BRITE
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12

The agility requirement is driven by the desire to
maximize science utility of the mission, by targeting
multiple fields on the sky, once per orbit per field. An
ability to slew at a rotation rate of 1 deg/sec, about any
satellite axis, is required, enabling a 360 deg slew in 6
minutes. Observations for each field will involve taking
a co-adding multiple exposures, each having a length of
from about 1 second to 1 minute, for a total duration of
up to 15 minutes per field. Allowing an additional 15
minutes for post-slew settling time and fine-pointing
acquisition, this allows up to 3 target fields to be visited
each orbit.
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any closer to the Sun or the bright Earth limb than
ACS Design

Safe Hold

The above requirements imply attitude sensing and
actuation capabilities that are beyond the current
nanosatellite state of the art. To achieve the necessary
degree of pointing stability, high-precision attitude
measurement is needed; in practice, only a star tracker
can provide sufficiently precise measurements, but
there are no star trackers currently available with a
sufficiently small size, mass and power consumption.
To provide fine, continuous 3-axis control, and to carry
out rapid slew manoeuvres, either reaction wheels or
attitude control thrusters are needed; neither of these are
currently available in nanosat sizes.

Passive Control

Detumble

Coarse Pointing

Fine Pointing

Figure 10: BRITE ACS Modes and Transitions
90 deg; which analysis has shown to allow 6
months of 15-minute-long-per-orbit observations
on targets anywhere in the sky, for most orbits
analyzed (4 months for dawn/dusk Sunsynchronous orbits).

The BRITE ACS design has been based on that of the
ACS for the MOST microsatellite, assuming
development of some new, nanosat-scale sensors and
actuators. We describe that design here, along with
work to develop the new sensors and actuators needed.
ACS Modes: The BRITE ACS will implement the
following operating modes, which are essentially
identical to those used in the MOST ACS7:
•

•

•

•

A Safe-Hold mode, during which attitude can be
estimated, but no actuation is done. Hence satellite
must be designed to survive indefinitely and be
operable while tumbling.
A Detumble mode, for reducing satellite rotation
rates after release from the launcher, and after
entering safe-hold mode, to the point where
satellite angular momentum is low enough to be
absorbed by the reaction wheels. For BRITE, this
is designed to recover from tumble rates of up to
50 deg/sec.
A Coarse Pointing mode, intended for pointing
operations when the star tracker is not being used.
Rapid slewing is done while in this mode (at rates
up to 1 deg/sec); this mode is required to stabilize
pointing sufficiently to permit star tracker
operation to commence.
A Fine Pointing mode, in which science
measurement operations are carried out. It is
required to achieve a science instrument absolute
pointing accuracy of 1 deg, and a pointing stability
of 1 arc-min RMS perpendicular to the star tracker
boresight (10 arc-min parallel to the boresight).
Slewing of the boresight at rates up to 0.1 deg/sec
is required in this mode, in order to implement the
science-imaging strategy of “smearing” target star
signals over multiple pixels, by actively jittering
the instrument boresight during science imaging.
Note that the mission design assumes that while in
this mode the star tracker boresight will not point
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Bias Momentum

In both the Coarse and Fine Pointing modes, a
Momentum Management capability is required,
whereby the reaction wheels can be desaturated by
reacting against torques generated by the
magnetorquers, while continuing to meet performance
requirements.
The BRITE ACS will also include two new modes:
•

•

A Passive Control mode, which is included as an
operational convenience, to allow a rapid reacquisition of fine pointing after a loss of fine
pointing lock. In this mode, the wheels are left
spinning, to minimize the time that would be
needed to detubmble and re-bias the wheel speeds
away from zero following a transition into safehold mode. However, the star tracker and
magnetorquers are turned off, to allow maximum
battery recharge rate, and so the attitude will drift.
An experimental Momentum Bias mode, which is
included for experimental purposes, to investigate
pointing performance in the case where only one
wheel is activated, spinning at a high constant
speed to provide bias-momentum stabilization.
(This is not expected to be needed by the BRITE
mission, but could be very useful for smaller
nanosats, e.g., Cubesats, that have room for only
one reaction wheel.)

Figure 10 illustrates allowable transitions between these
modes.
ACS Equipment: One of the primary challenges in
developing the BRITE mission has been finding a set of
ACS hardware that is capable of carrying out the
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various required attitude measurement and control
functions, to the required level of performance, while
fitting within an extremely small mass, volume, power
consumption and cost envelope. Nothing close to this
has ever been done to date at the nanosat scale. For
reference, the ACS equipment for the MOST microsat
(which may be the most-compact high-performance
satellite attitude control subsystem yet flown), not
including the star tracker, has a mass of about 7.5 kg
and consumes about 4.5 W of power; the MOST star
tracker is embedded in the MOST science instrument,
which has a mass of about 13 kg, and consumes about
4.5W of power. The equivalent allocations for the
BRITE ACS equipment (again not including the star
tracker) are mass of 0.8 kg and 0.9W orbit-average
power consumption (in fine-pointing mode); the BRITE
science instrument (which is also planned to act as the
star tracker imager) is expected to mass 0.5 kg, and
consume 0.5W of power.
That is, the BRITE ACS equipment must fit into
resource envelopes about 10-20% the size of those for
the MOST ACS equipment. That makes for an
interesting challenge! To achieve this, the following
sensors are planned, for measuring BRITE’s
orientation:
•

•

•

•

A 3-axis Magnetometer. A candidate component
has been sourced, with a full-scale range of 2x10-4
Tesla and a worst-case bias of 4x10-6 T; noise of
2x10-7 T, and a measurement resolution of 4x10-8 T
are assumed.
Coarse Sun sensing via measurement of currents in
solar panels on all sides of the satellite. This
technique has been proved out using MOST, and
can result a net bias of <7 deg, and a noise level of
0.6 deg. RMS.
Three solid-state angular rate sensors, which are
co-packaged with the reaction wheels. The selected
devices have long-term bias variation of 0.2
deg/sec, and a short-term noise level of
0.05±/deg/sec/√Hz. These will be thermally
calibrated before flight, and the calibration against
temperature will be used to correct measurements
in flight, based on measurements from a built-in
thermistor.
A star tracker, discussed further below.

The following actuators are planned, for applying
torques to alter BRITE’s orientation:
•

A set of 3 magnetorquers, chosen to be air-wound
coils, similar to those used on the CanX-18,9 and
CanX-2 Cubesats. Each of these has a mass of 30
grams, a size of 80x80x10mm, and consumes 300

Carroll et al.

14

•

mW while producing a dipole moment of 0.12 Am2.
A set of three reaction wheels, discussed further
below.

The other main elements of ACS equipment are the
attitude estimation and control software, and the
computer that will run that software:
•

•

•

The BRITE ACS software will be based closely on
the ACS software that has been flown on the
MOST, CHIPSat and FedSat microsat missions7.
The core functions it provides are attitude
estimation (using a multi-rate extended Kalman
filter), and attitude control (using PID control, with
some feedforward terms). It is based on Dynacon’s
“MicroDirector” library of parameterized Clanguage functional software modules that is reused with little or no change from one mission to
the next. Mission-specific customization is added
via additional “glue” software. The software source
code can be verified directly via Dynacon’s
Matlab-based Attitude Dynamics and Control
Simulator (ADACS) tool (see Performance results,
below).
The baseline design for BRITE makes use of
separate computers for the housekeeping functions,
and for the attitude control functions. ACS
computer needs to be small enough (in size and
power consumption) to fit within the BRITE bus. It
needs to have enough computational power to
execute the ACS software; analysis indicates that
an ACS software frame rate of 0.5 Hz will produce
sufficient ACS performance (versus the 5 Hz frame
rate used on MOST). Depending on how the star
tracker is implemented, the ACS computer may
also need to execute the star tracker software;
analysis indicates that a 0.5 Hz star tracker update
rate will suffice. Sufficient memory space must be
available for the software executable code, plus
RAM for working memory; the computer should
also have enough Flash memory capacity to allow
uploading of replacement code. It must also
provide interfaces to the various ACS sensors and
actuators, as well as the main BRITE bus
computer.
Several candidate processors and architectures are
being evaluated for the BRITE ACS computer.
One is based on the Dynacon MicroNode product,
which is the ACS computer used on MOST,
CHIPSat and FedSat. Shown in Figure 11, the
current layout of this DSP-based board is slightly
too large for the BRITE bus, and would need to be
re-laid-out. Another alternative is to adapt the
processor board design that is being developed for
18th Annual AIAA/USU
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the CanX-2/3 housekeeping computer, which uses
an ARM9 processor.

•
•
•
•
•
•
•
•

Figure 11: MicroNode ACS Computer
NanoWheel
When starting the development of MOST in 1997, we
found that among the various reaction wheels that were
commercially available, and that met MOST’s torque
and angular momentum requirements, none were
sufficiently small, had sufficiently low power
consumption and could provide the requisite level of
speed and torque control performance. This was part of
the motivation for the development of Dynacon’s
MicroWheel product, which has since been used to
enable several microsat-based science missions.
BRITE faces a similar situation now: there are no
commercially available reaction wheels that are small
enough to fit the size, volume and power constraints of
the BRITE bus, let alone meeting the particular
performance levels that BRITE requires of its reaction
wheels. Once again, Dynacon is developing a new
reaction wheel product to fill this gap: the NanoWheel.
The NanoWheel is sized to be able to function as a
momentum wheel in nanosats in the 1-5kg mass range,
and (in sets of 3 or 4) as a reaction wheel in nanosats in
the 3-10kg mass range. Its main characteristics are:
•

Mass: <0.125 kg

Size: 50mm diameter, 42mm high
Angular momentum capacity: 0.02 Nms
Torque capacity: 0.0005 Nm (at 4V supply voltage;
greater at higher voltages)
Power consumption < 0.2W (steady-state at halfspeed)
Torque and speed control modes
Digital command and telemetry interface
Built-in inertial angular rate sensor
Enclosed within a pressurized housing

Breadboards of several mechanical and electronic
elements of the NanoWheel have been built and tested
at Dynacon to confirm these requirements can be met.
Figure 12 shows the form of the NanoWheel housing,
and a photograph of a breadboard NanoWheel rotor. At
the time of writing this paper, the design for a flightlike prototype has been completed, and fabrication of
that is underway. A NanoWheel will be test-flown on
the CanX-2 nanosat, planned for launch in 2005.
Star Tracker
In a situation similar to that of the reaction wheels for
BRITE, we find that no commercial star trackers are
available that fit within the BRITE size, mass and
power constraints. Indeed, the smallest star trackers
currently on the market are not much smaller than the
complete BRITE satellite! Again, this is very similar to
the star tracker situation that we faced early in the
development of MOST. We responded to that by
integrating the star tracker imaging function within the
MOST imaging science instrument, and developing
new star tracker software that could function within the
constraint of that instrument’s extremely narrow
(0.8deg) field of view. A similar approach is adopted as
the baseline for the BRITE star tracker.
MOST Star Tracker Software: The MOST star
tracker was designed to work in an “aided” mode: it
relies on the Coarse ACS mode to orient the satellite in
a commanded target attitude, with a boresight pointing
error of not much more than one degree, and to
maintain that direction with small enough body rates
that the star tracker can begin to take images that have
blurring of not much more than one pixel (at a plate
scale of 3 arc-sec/pixel). The star tracker software then
compares sky images against a local star-field map,
which is uploaded whenever MOST is rotated towards a
new target field (once every few days or weeks).
The MOST star tracker software was originally
designed to have a “coarse” acquisition mode (in which
groups of several pixels are “binned” to form a coarser
sky image), and a “fine” mode for science operations,

Figure 12: NanoWheel External Layout Drawing,
and Prototype NanoWheel Rotor
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with an original performance goal of +/-1 pixel (+/- 3
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Figure 13: MOST Fine Pointing Mode
Performance Evolution
arc-sec) measurement error. Following launch and
commissioning in the latter half of 2003, upgrades to
the star tracker software have been developed and
uploaded, adding a “super-fine” mode that can measure
to about +/-0.5 arc-sec (interpolating to 0.2 of a pixel).
This has enabled MOST to achieve a pointing
performance level of better than 1.4 arc-sec RMS
(versus the pre-launch predictions of about 5 arc-sec).
Anticipating some of the BRITE star tracker
requirements, several other upgrades to the MOST star
tracker have also been developed, uploaded and tested
on MOST. These include features that will enable the
inclusion of a full-sky star map in the BRITE star
tracker software, and the computation from that of local
star-field maps. Figure 13 shows the pointing
performance achieved by MOST at the end of the
commissioning process, and its evolution as these
improvements were uploaded.
BRITE Star Tracker: The baseline approach for the
BRITE star tracker is to use the BRITE science
instrument, with its imaging CMOS detector, to collect
images that will be used both for science photometry
measurement purposes, and for star tracker imaging
purposes. The star field images would be processed
using software derived from the MOST star tracker
software; the baseline approach is for this software to
execute on the ACS computer, time-sharing with the
other ACS software. Preliminary computational load
measurements have indicated this to be a plausible
approach, albeit one that remains to be verified against
the final selected ACS processor.

Carroll et al.

This general approach allows us to extrapolate with
confidence from the MOST results, to predict star
tracker measurement performance for various possible
BRITE instrument configurations and star tracker
software settings. A primary tool for that extrapolation
is the MOST ADACS simulator, adapted to replace
MOST parameters with BRITE ones; the performance
of this simulator has now been validated with MOST
engineering telemetry results. Numerous performance
simulations have been carried out to investigate various
star tracker parameter selections, as well as ACS
software settings; some of the results of these are
shown in the next section. Using this approach, a
baseline star tracker design specification has been
developed for BRITE, to meet the ACS performance
requirements.
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•
•
•
•

•

Measurement resolution of 0.5 arc-min or less
normal to the boresight, 5 arc-min or less around
the boresight
This implies a detector pixel plate scale of 1 arcmin per pixel or less
Star tracker software frame rate of at least 0.5 Hz
(i.e., at most 2 seconds per frame)
Processing delay after acquiring a star field image
frame of <1.2sec
There are no strong stray-light baffling
requirements, as the target star fields when
collecting science data will always be at least 90
deg away from the direction of the Sun, and from
the direction of any Sun-illuminated portion of the
Earth. The star tracker will not have to operate
except at these times, as the coarse attitude control
mode (which does not use the star tracker) will be
responsible for orienting the boresight prior to start
of fine pointing mode operations. (This greatly
reduces the overall size of the star
tracker/instrument.)
Employment of aided operation, using the Coarse
ACS mode to pre-orient the boresight to within
about 15-20 deg of the intended direction. (This
substantially reduces the computational load on the
MOST-derived star tracker software, allowing
rapid determination of an attitude solution using a
reasonably-sized computer.)

To employ the BRITE science instrument as the star
tracker, science imagery must thus be collected at a rate
no slower than one exposure every 2 seconds. In order
to collect photometry data for the faintest (magnitude
3.5) target stars with an adequate S/N ratio, a number of
<2 sec exposures will then have to be co-added
together. This will incur one instance per pixel of readout noise; the larger the number of exposures to be coadded, the larger the total read-out noise (relative to
18th Annual AIAA/USU
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other noise sources, such as dark current) will be.
Potentially, the read-out noise could be large enough to
limit the science instrument to be unable to achieve the
level of S/N performance desired for the dimmest target
stars.
Based on preliminary photometry analysis, it appears
that this approach should be able to simultaneously
accommodate the imaging needs of the star tracker, the
brighter target stars and the dimmer target stars.
However, some assumptions in that analysis need to be
verified (e.g., the achievable focal-plane temperature,
and the dependency of dark current and read-out noise
with temperature). If we find that the star tracker
function cannot co-exist with the science observations,
then we will fall back to a contingency plan: have a
separate science instrument and star tracker, potentially
with different aperture sizes and exposure times.
In that case, there are two
implementing the star tracker:
•
•

possibilities

for

A new star tracker imager could be developed,
cloned from the BRITE science imager (possibly
with some changes, e.g., to the aperture size).
A star tracker could be obtained commercially.
While no sufficiently small star trackers are yet
available on the market, several companies around
the world have declared that they are developing,
or have an interest in developing CMOS-imager
based star trackers,. The preliminary specs for at
least one of these fit within the BRITE bus
envelope.

•
•
•

To carry out simulations, certain assumptions have to
be made about the satellite design and orbit. Various
satellite design options and orbit scenarios have been
examined, as part of the process of deciding what
constraints should be placed on these during BRITE
development. For the performance results shown here,
the satellite was assumed to have dimensions of
30x10x10cm3 (this layout option results in worst-case
environmental torques), a mass of 3kg (a triple
Cubesat), principal second moments of inertia of 0.005,
0.025 and 0.025 kg-m2 aligned with the body axes, a
0.5% offset of the center of mass from the geometric
center, and a residual magnetic moment of 0.0012 A-m2
about each body axis. The orbit used was a 820km
circular dawn/dusk sun-synchronous orbit. Simulations
of the various environmental torques showed the
following maximum magnitudes:
•
•
•
•

Mass < 0.39 kg
Dimensions < 4x4x4 cm
Power consumption < 0.5W

Earth magnetic field ~ 9e-8 Nm
Gravity gradient torque ~3e-8 Nm
Solar Pressure ~3e-9 Nm
Aero drag torque ~1e-12 Nm

Detumble Mode: The main concern here was that the
initial tumble rate, on release from the launch vehicle,
or after an entry into safe-hold mode, might be rather
higher for a nanosat than the rates typically seen when
microsats are released (the latter usually being <25
deg/sec). One reason for this is that the reaction wheels
are rather large compared to the size of the satellite, and
are capable of inducing a tumble rate of up to 50
10

8

body rate (deg/sec)

Of course, making the star tracker a separate
component would increase the required mass, volume
and power consumption of the BRITE bus. The initial
design for the BRITE bus has thus been sized to be able
to accommodate a star tracker in addition to the
instrument, with the star tracker size parameters
assumed identical to the current instrument ones (we
assume here that the ACS computer is used to run the
star tracker software):

MOST, earlier MOST simulations were able to be reused with minimal changes. This allowed considerably
more detailed analysis to be performed early in the
design process than would otherwise have been
possible, resulting in a high level of confidence in the
predictions of the performance for this ACS design.

6

4

2

ACS Performance
We have carried out extensive analysis of the
performance of the BRITE ACS design, as part of the
design process. BRITE is designed to use Dynacon’s
standard ACS software, allowing our standard ACS
simulation tools to be used to investigate performance.
Because BRITE’s ACS is modeled closely after that of
Carroll et al.
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deg/sec if safe-hold mode is entered with wheels
spinning at full speed.
Simulations focused on determining detumble
performance for the selected components and control
law, for various possible orbits with a realistic Earth
magnetic field model. Figure 14 shows a typical
simulation result, in which BRITE is detumbled from
an initial rotation rate of 10 deg/sec within a single
orbit. (The red, green and blue lines indicate rates about
each principal body axis, the black line shows the norm
of those three rates.)
Coarse Pointing Mode: The main objective of the
coarse pointing mode is to reliably achieve a pointing
accuracy of 10 deg, based on sensor input from the
coarse Sun sensor (when not in eclipse), magnetometer
and inertial rate sensors, in order to allow the star
tracker to begin collecting unblurred images. Figure 15
shows the result of one of the coarse pointing mode
simulations that have been performed; the three lines
show the three principal components of attitude error
versus time.
In the modeled dawn/dusk orbit, the satellite does not
go into eclipse for the simulation date selected, so the
Sun sensor is operating continuously. While the initial
attitude error (actual satellite attitude versus
commanded attitude) is set to zero, the initial attitude
state estimate in the Kalman filter is assumed incorrect
by 25 deg, and the initial rate sensor bias values are
assumed wrong by 25%. The simulation shows the
attitude error quickly growing to 25 deg, in response to
the initial state estimation error; however, within 10
minutes the state estimate converges to an
approximately correct value, and after that the attitude

error about each axis is about 10 deg (3-sigma).
Fine Pointing Mode: In this mode, the star tracker is
the primary attitude measurement source, and the
reaction wheels are the primary actuators. Simulation
analyses focused on determining acceptable values of
star tracker resolution, update rate and latency, and on
determining the magnitude of the reaction wheel torque
and speed excursions and pointing errors as a function
of the attitude estimator and feedback/feed-forward
controller parameters.
Figure 16 shows one of those simulation results, for the
selected ACS design, with the star tracker being
sampled at 0.5 Hz, and with the controller running at
that frame rate. The red and green dots are the satellite
closed-loop pointing error for the two axes normal to
the star tracker boresight, which are within 0.8 arc-min
(3-sigma). The blue line shows the attitude error around
the boresight, which as expected is much larger, due to
the poorer resolution of the star tracker about this axis;
this error is 4.5 arc-min (3-sigma). These errors are well
within those required, verifying the ability to achieve
this most stringent of the BRITE ACS requirements.
Momentum Bias Mode: We anticipate taking
advantage of the opportunity presented by the BRITE
mission, which we expect will be the first nanosat
mission equipped with both reaction wheels and a highperformance attitude estimation capability, to do some
on-orbit technology demonstration testing, to explore
the envelope of attitude control performance achievable
with various subsets of the sensors and actuators. Of
particular interest is the situation in which two wheel
are turned off, and the third wheel is spun up to a high
speed to provide bias-momentum stabilization. The
99 percentile = 4.5, 0.8, 0.7 arc-min
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Figure 15: Fine Pointing Mode
Simulation Results

Figure 16: Coarse Pointing Performance
(Dawn/Dusk Orbit)
Carroll et al.

50

18

18th Annual AIAA/USU
Conference on Small Satellites

NanoWheel was designed to be small enough to fit one
into a 1kg CubeSat; we can do on-orbit tests using
BRITE to verify the level of ACS performance
achievable in that mode.
To ensure that nothing in the BRITE design precludes
that testing, preliminary design and analysis of a bias99 percentile = 7.7, 3.8, 2.2 arc-min
10
8
6

dq pointing
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0
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IN CONCLUSION
The work done to date to develop the BRITE mission
has identified a significant class of astronomical
observations, that are able to be performed using very
small-aperture instrument using a low-power CMOS
imaging detector, carried on a nanosatellite bus. Using
the nanosat designs from the initial SFL CanX missions
as a foundation, a viable satellite design has been
developed, whose mass is estimated to be about 3kg.
The science mission requires very fine (1 arc-min)
pointing stability, and achieving this requires a new,
ultra-miniaturized reaction wheel actuator and star
tracker sensor; development of the reaction wheel is at
an advanced stage at Dynacon, and star tracker software
suitable for integration with the BRITE instrument is
already in use in orbit on the MOST microsat.
Following an anticipated 2005 test-flight of many of the
elements of the BRITE bus on the CanX-2 mission,
BRITE is planned for launch in 2006.
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Figure 17: Pointing Error (arc-min),
Momentum-Bias Mode
momentum control mode for BRITE has been done.
Figure 17 shows the result of one of the simulation
results. For this simulation, BRITE was initially
oriented to be Earth-pointing, with a wheel parallel to
the pitch axis spinning at 5000 RPM (0.01 Nms angular
momentum), in a 820km circular Sun-synchronous
orbit. The attitude was estimated using the Kalman
filter, with all sensors assumed available to provide
measurements as inputs. Feedback control of the wheel
torque was used to regulate pitch angle; the
magnetorquers were used to control yaw and roll errors
and to desaturated the wheel (whenever the Earth’s
magnetic field was oriented suitably with respect to the
satellite’s body axes).
This simulation shows the 3 components of satellite
pointing error (in this case, pitch is in blue, roll and yaw
are in red and green) being less than 10 arc-min (3sigma), over the course of 2 orbits. The roll and yaw
errors are dominated by a cyclic component, related to
the twice-per-orbit rotation of the Earth magnetic field
direction seen in this near-polar orbit. This shows the
potential for achieving very respectable attitude control
performance for nanosats that are equipped with star
trackers; analysis of cases without the star tracker is
underway, but results are not yet available.
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